Ventilation of a monsoon‐dominated ocean : subduction and obduction in the North Indian Ocean by Liu, Lingling et al.
Ventilation of a Monsoon-Dominated Ocean: Subduction
and Obduction in the North Indian Ocean
Lingling Liu1,2 , Rui Xin Huang3,4 , and Fan Wang1,2
1CAS Key Laboratory of Ocean Circulation and Waves, Institute of Oceanology, Chinese Academy of Sciences, Qingdao,
China, 2Qingdao National Laboratory for Marine Science and Technology, Qingdao, China, 3State Key Laboratory of Tropical
Oceanography, Chinese Academy of Sciences, Guangzhou, China, 4Department of Physical Oceanography, Woods Hole
Oceanographic Institution, Woods Hole, MA, USA
Abstract Based on the characteristics of oceanic circulation in a monsoon-dominated ocean, a new
framework of annual ventilation, including subduction and obduction, is postulated and applied to the
North Indian Ocean based on both SODA and GODAS. It is revealed that besides the winter season,
ventilation can also occur in summer. Considering the horizontal resolution, SODA results are mainly
discussed, with GODAS results given for validity of key conclusions. The annual subduction/obduction rate in
the North Indian Ocean based on SODA is estimated at 10.2 Sv/11 Sv averaged from 1960 to 2009, with
4.2 Sv/6.2 Sv occurring during winter monsoon period and 6 Sv/4.8 Sv during summer monsoon period,
respectively. Both subduction and obduction feature great interannual variability, with the vertical pumping
term of decisive importance. Furthermore, the concepts of the penetration depth through subduction and
the origin depth through obduction are postulated. The penetration depth in the Arabian Sea is on the order
of 50 to 200 m; the origin depth through obduction in the Arabian Sea is deeper than that in the Bay of
Bengal, with the deepest on the order of 200 to 250 m along the western boundary.
Plain Language Summary Ventilation-related cycling of water mass in the upper ocean is a
critically important part of circulation and ecological cycle for the world oceans. However, the theories and
methods used to examine these processes in previous studies have been developed for the open ocean,
where the wind stress is characterized by small amplitude annual cycle in wind and its direction. However,
there are many important regions where surface wind in the basin can greatly change its magnitude and
even reverse its direction, and the water mass cycle in these regions received little attention. In this study, a
new framework of ventilation in the monsoon-dominated oceans is postulated and applied to the North
Indian Ocean. Furthermore, new concepts of penetration depth through subduction and the origin depth
through obduction are postulated, and for the North Indian Ocean, they are on the order from 50 to 250 m.
1. Introduction
The wind-driven circulation is the dominating component of circulation in the upper ocean. Wind-driven
currents set up the stage and the preconditions for water mass formation/erosion and ventilation of the
thermocline. Ventilation-related cycling of water masses in the upper ocean is a critically important part of
the circulation and ecological cycle for the world oceans. Sites of water mass formation/erosion are crucial
windows for the communication of atmospheric/oceanic climatic signals and tracers into/from ocean interior.
Subduction/obduction (S/O) has been widely used as tools describing kinematical and dynamical processes
coupling the mixed layer and the ocean interior (e.g., Cushman-Roisin, 1987; Qiu & Huang, 1995; Woods,
1985; Woods & Barkmann, 1986). Subduction describes the process in which water ﬂows downward from
the mixed layer into the permanent pycnocline, and obduction is the opposite process in which water from
the permanent pycnocline upwells into the mixed layer. The important role of ventilation through S/O in
climate change has been widely recognized. As a result, the diagnostics of ventilation have been carried
out by many investigators throughout the world oceans, including North Atlantic Ocean (Marshall et al.,
1993), North Atlantic and Paciﬁc Oceans (Qiu & Huang, 1995), South Hemisphere Oceans (Karstensen &
Quadfasel, 2002), and the world oceans (Liu & Huang, 2012). Recently, with the availability of high
temporal-spatial resolution data collected through in situ observations and numerical simulations, more
and more efforts have been directed toward revealing the effect of mesoscale eddies and submesoscale
currents on subduction and mode water formation, including studies based on observations (Uehara et al., 2003;
LIU ET AL. 4449




• A new framework of ventilation for a
monsoon-dominated ocean is
postulated and applied to the North
Indian Ocean
• Ventilation in a monsoon-dominated
ocean can occur not only in winter
but also in summer
• The concepts of penetration depth
through subduction and origin depth
through obduction are postulated;





Liu, L., Huang, R. X., & Wang, F. (2018).
Ventilation of a monsoon-dominated
ocean: Subduction and obduction in the
North Indian Ocean. Journal of
Geophysical Research: Oceans, 123,
4449–4463. https://doi.org/10.1029/
2017JC013719
Received 22 DEC 2017
Accepted 22 MAY 2018
Accepted article online 31 MAY 2018
Published online 2 JUL 2018
©2018. American Geophysical Union.
All Rights Reserved.
Qiu et al., 2006, 2007; Oka, 2009; Kouketsu et al., 2011; Xu et al., 2014) and studies based on numerical
models (Nishikawa et al., 2010; Rainville et al., 2007; Xu et al., 2014).
Two dynamical/kinematical methods have been used in diagnosing the annual ventilation rate, including
subduction and obduction: the Eulerian method and Lagrangian method. In Eulerian method, the annual
S/O rate is deﬁned as the sum of effective detrainment/entrainment in 1 year. This deﬁnition is rigorous.
However, this method demands for data with ﬁne resolution; thus, it is not widely used. In this study, we
are focused on the Lagrangian method.
The commonly used Lagrangian method is based on the physical assumption of a simple seasonal cycle. For
the most parts of the world ocean, wind stress and mixed layer dynamics are in the forms of simple seasonal
cycle. As such, the mixed layer density and depth has a single annual maximum. In his pioneering work,
Stommel (1979) argued that a demon is at work, which can select the later winter water mass properties
and send it into the permanent thermocline.
Stommel’s basic idea laid the theoretical foundation of the modern theory of the ventilated thermocline and
water mass formation. Woods and Barkmann (1986) postulated to calculate the subduction rate in the open
ocean, based on the 1-year forward Lagrangian trajectories released at the base of mixed layer in the month
with the maximal mixed layer depth. This idea has been extended and modiﬁed into the framework of ven-
tilation for the world ocean, for example, Cushman-Roisin (1987) and Qiu and Huang (1995). This framework
has been applied to the study of water mass formation/erosion in the world oceans with great success.
It is to emphasize that this theory and method have been based on the following implicit assumption: Wind
stress applied to the upper ocean is characterized by small amplitude annual cycle in wind and its direction;
as a result, the corresponding Ekman pumping rate in the most parts of the basin interior has the same sign
and pattern during the annual cycle. However, there are many important oceanic regions where surface wind
in the basin can greatly change its magnitude and even reverse its direction; consequently, the Ekman pump-
ing rate can change its sign during the annual cycle. Physically, there are several differences between
monsoon-dominated oceans and the other open oceans.
First, for themonsoon-dominated oceans, themajor part of the wind stress may reverse its direction with sea-
son, such as the Arabian Sea near the Somali coast shown in the left panel in Figure 1. Correspondingly, in
Figure 1. The (left) wind vector and (right) corresponding Ekman pumping velocity during the (top) winter/(bottom)
summer monsoon period in the Arabian Sea, calculated from National Oceanic and Atmospheric Administration 20CR
wind stress used in SODA2.2.4.
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these areas, the Ekman pumping induced by wind stress change can vary greatly with season, right panel in
Figure 1. Therefore, wind-driven circulation, in particular the upwelling/downwelling in the western part of
the basin, especially near the western coast, can change with season greatly. The vertical velocity at the
base of mixed layer can also change greatly with season, which may even change the direction of
movement of subsurface water mass.
Second, Rossby waves exist in the oceans; they carry the signals westward. Because wind stress varies within
the annual cycle, the so-called Sverdrup relation should be interpreted in terms of the formulas based on the
time-delayed Ekman pumping term. In the nonmonsoon-dominated oceans, the Ekman pumping term does
not change its sign in general. However, due to the change in the amplitude of Ekman pumping, wind-driven
circulation varies in response, including the depth of the thermocline, strength of the circulation, and the
ventilation of water masses. For the monsoon-dominated ocean, the Ekman pumping term can change sign
within the annual cycle. The amplitude of the seasonal cycle of the wind-driven circulation is western inten-
siﬁed because of the gradual accumulation of the seasonal signals carried by the westward time-delayed
Rossby waves. As a result, the current in the western part of the basin can ﬂip its direction, such as the
Somali current and the current near the Vietnamese Coast.
Third, there is a semiannual signal in the mixed layer depth in monsoon-dominated oceans; and the biannual
deepest mixed layer can be found during the winter and summer monsoon periods, respectively, as seen
from the observational data (Figure 2). The temporal changes of mixed layer depth have been demonstrated
to be important for ventilation (Liu et al., 2011; Valdivieso da Coast et al., 2005).
Consequently, the classical Stommel demon may need some modiﬁcation for the application to a monsoon-
dominated ocean. Instead of a single subduction window in winter season, theremight be additional subduc-
tion window which is opened up for other seasons, such as the summer season as suggested by the mixed
layer depth cycle shown in Figure 2. Therefore, ventilation in monsoon-dominated oceans cannot be simply
diagnosed based on single 1-year trajectory released at later winter. We should consider the possibility of
multiple windows, and some of the trajectories released within these windows may be not effective.
However, up till now, the structure of wind-driven gyre and ventilation of a basin dominated by a monsoon
cycle, such as the South China Sea and the North Indian Ocean, has received very limited attention.
The complicated oceanic processes in a monsoon-dominated ocean posed many open questions: Can we
construct a simple model for the wind-driven gyre driven by a strong monsoon cycle? What is the fundamen-
tal character of the thermocline in a monsoon-dominated closed basin? How is a monsoon-dominated ocean
ventilated? How can we quantify the ventilation of a monsoon-dominated ocean?
In an attempt, Huang and Du (2015) postulate a concept of the semisubduction/semiobduction for a
monsoon-dominated ocean. Assuming that wind stress reverses its sign approximately every 6 months,
Figure 2. The climatologically monthly mixed layer depth at (left) (9.5°N, 59.5°E)/(right) (14.5°N 64.5°E) from Argo IPRC
(http://apdrc.soest.hawaii.edu/projects/Argo/). The maximal mixed layer depth and the second maximum are
highlighted by red plots.
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thus, a 6-month window can be used to deﬁne something called semisubduction/semiobduction. A close
examination revealed, however, that ventilation in the monsoon-dominated ocean may not be in such a sim-
ple semiannual cycle.
Thus, in this study we postulate a new framework for diagnosing ventilation rate in the monsoon-dominated
oceans; this framework is applied to the estimate of ventilation rate in the North Indian Ocean and its varia-
bility. Ventilation in a monsoon-dominated ocean is complicated phenomena; thus, there might be different
way of deﬁning these rates. We set our goal in this study as follows. The formulation of annual ventilation rate
should work for both the monsoon-dominated ocean and the other oceanic regions driven by a simple sea-
sonal cycle without monsoon components.
This paper is organized as follows. The data are depicted in detail in section 2. In section 3, a new framework is
postulated, and the method is applied to the North Indian Ocean in section 4. In section 4, the major discus-
sion was focused on the ventilation in the North Indian Ocean based on SODA, while the results based on
GODAS were given to conﬁrm the key conclusions. Finally, we conclude and discuss in section 5.
2. Data
2.1. SODA
SODA2.2.4, which covers the time period from 1871 to 2010, is forced by the 20CRv2 winds with assimilated
observational data includingWOD09 and COADS2.5. The ocean general circulation model is based on Parallel
Ocean Program numeric. Observations include virtually all available hydrographic proﬁle data, as well as
ocean station data, moored temperature and salinity time series, surface temperature, and salinity observa-
tions of various types and nighttime infrared satellite sea surface temperature data. The model output is in
monthly averaged format, mapped onto a uniform 0.5° × 0.5° horizontal grid and 40 levels in vertical. For
the relevant conﬁgurations of ocean model and the assimilation algorithm, the readers are referred to the
detailed report on the SODA product (Carton & Giese, 2008).
The calculation presented here is based on the data during the latest 50 years (1960–2010). The mixed layer
depth was deﬁned as the depth at which the potential density differs by 0.125 kg/m3 from its value at the sea
surface. The three-dimensional velocity ﬁelds (u, v, w) from SODA were directly used.
2.2. GODAS
The National Centers for Environmental Prediction Global Ocean Data Assimilation System (GODAS) is based
on a quasi-global conﬁguration of the Modular Ocean Model version 3. The model is forced by the momen-
tum ﬂux, heat ﬂux, and freshwater ﬂux from the National Centers for Environmental Prediction atmospheric
Reanalysis 2. GODAS is a real-time ocean analysis and a reanalysis. It is used for monitoring, retrospective ana-
lysis, as well as for proving oceanic initial conditions for the Global Climate Forecast System. Both tempera-
ture and synthetic salinity proﬁles are assimilated in a 3DVAR scheme designed by Derber and Rosati
(1989). The data is provided in monthly averaged format, with the horizontal resolution of 1/3° latitude × 1°
longitude and 40 levels in vertical (Behringer & Xue, 2004).
The mixing layer depth and velocity ﬁelds from GODAS, from 1980 to 2017, were used to calculate the ven-
tilation rate in the North Indian Ocean.
3. The Annual Ventilation Rate in Monsoon-Dominated Oceans
Stommel (1979) postulated a simple and clean-cut framework for water mass formation during the compli-
cated season cycle: Water that actually enters the permanent thermocline is the water formed at the time
when mixed layer is deepest and the density is the highest. In monsoon-dominated oceans, within one
annual cycle, both the mixed layer depth and sea surface density can have two maxima due to the strong
monsoon cycle; that is, in a monsoon cycle, besides the maximal value of mixed layer depth and surface den-
sity per year in winter, there is a second signiﬁcant local maximum in summer (Figures 2 and 3). In this sense,
in monsoon-dominated oceans, there may be two ventilation windows, including subduction and obduction,
one is during the winter monsoon period and the other during the summer monsoon period. Thus, the
annual S/O rate in monsoon-dominated oceans can be divided into two subsets: S/O during winter monsoon
period (Swinter/Owinter) and that during summer monsoon period (Ssummer/Osummer).
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Another critical mechanism of Stommel Demon is that the equatorward transportation makes it possible that
the water subducted in late winter can escape the overtaken by the mixed layer downstream within 1-year
time period. However, it is different and much complicated in monsoon-dominated seas. Due to the rever-
sing of oceanic circulation induced bymonsoon components, the subducted water wouldmove downstream
in a spiral. More importantly, take subduction in winter for example, the subducted water may be reentrained
into the deep mixed layer downstream or upwell into the mixed layer by Ekman upwelling during the next
summer monsoon period. Consequently, for ventilation rate in monsoon-dominated seas, we should judge
whether the water particle released from the mixed layer base can ﬁnally enter the subsurface ocean or
not. Furthermore, for the aforementioned purpose that the proposed new framework can work for both
monsoon-dominated seas and the other open oceans, the tracing time period was set to be 1 year, as in
previous studies.
Considering the above physical characteristics of ventilation process in monsoon-dominated seas, the annual
ventilation rate can be diagnosed as follows.
First, for Swinter: Water particle was released in the month with maximal mixed layer depth during the winter
monsoon period, such as January for the cases depicted in Figure 2, and then was traced forward based on
the three-dimensional velocity ﬁeld for 1 year. During 1-year period, if the trajectory was intersected by the
mixed layer downstream, the water particle did not ﬁnally go into the permanent pycnocline, the corre-
sponding trajectory is ineffective, and the corresponding subduction in winter monsoon period is zero.
ForOwinter: Water particle was identiﬁed in themonth withmaximal mixed layer depth during thewinter mon-
soon period, and it was traced backward based on the three-dimensional velocity ﬁeld for 1 year. During
1-year period, if the trajectory was intersected by the mixed layer upstream, this water particle did not origi-
nate from the permanent pycnocline; thus, the corresponding obduction in winter monsoon period is zero.
However, if the trajectory is effective, that is, the trajectory was always deeper than local mixed layer, the cor-
responding S/O in winter can be diagnosed exactly the same as discussed by Qiu and Huang (1995):
S ¼ wtr þ 1T hm;0  hm;1
 
(1)
O ¼ wtr þ 1T hm;0  hm;1
 
(2)
where T = 1 year, which is the same as cases for nonmonsoon oceanic regions (Qiu & Huang, 1995).wtr is the
vertical velocity averaged over the 1-year Lagrangian trajectory. hm, 0 and hm, 1(hm,1) denote the mixed layer
depth at the beginning and ending of the forward/backward trajectory.
Figure 3. Surface density deviation (kg/m3) from the annual mean along (left) 52.5°E/(right) 60.5°E section for the Arabian
Sea from Argo IPRC climatology.
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Second, for Ssummer/Osummer: It is similar to Swinter/Owinter, except that the trajectory was released in the
month with maximal mixed layer depth during summer monsoon period, July/August for examples in the
left/right panel in Figure 2, respectively. Furthermore, it is to emphasize here again that subduction (obduc-
tion) is deﬁned as a positive quantity only. If the rate calculated from the standard formula is negative, there is
no corresponding subduction (obduction) during the given monsoon period for the station in concern.
Finally, at a given station in monsoon-dominated oceans, S = Swinter + Ssummer and O = Owinter + Osummer.
4. Ventilation in the North Indian Ocean and its Variability
We begin with calculating ventilation rate in winter/summer monsoon period in the North Indian Ocean from
both SODA and GODAS. For a given station, we ﬁrst ascertain the months with maximal mixed layer depth in
a monsoon cycle during the winter/summer monsoon periods, respectively. It is noted that a monsoon cycle
is deﬁned from the last November to this October, including a winter monsoon period and a summer mon-
soon period, then water parcels are released and the 1-year trajectories forward (backward) in space and time
are traced with a regular interval of 1 day to ascertain whether it is effective. Any trajectory which intersects
themixed layer downstream (upstream) during the corresponding 1-year period is deﬁned as ineffective, and
the corresponding subduction (obduction) is set to be zero. For the effective trajectory, subduction (obduc-
tion) is calculated according to equation (1) (2). Finally, the annual subduction (obduction) rate is obtained by
summing Swinter (Owinter) and Ssummer (Osummer) at this station.
4.1. Subduction and its Variability in the North Indian Ocean
In monsoon-dominated oceans, subduction is different at different geographic position. It can be generally
divided into two types: First, ventilation through subduction can occur twice in a monsoon cycle. Two sta-
tions with result from SODA are chosen as an example, shown in Figure 4. In station shown in the upper
panel, the mixed layer depth reached the maximum in February and August in 2004; correspondingly, the
subduction is estimated to be 78.4 m/yr during winter monsoon period and 27.1 m/yr during summer mon-
soon period, respectively; that is, the annual subduction rate is 105.5 m/yr at (58.75°E, 12.25°N) in this
monsoon cycle.
Figure 4. The mixed layer depth at two random stations and the corresponding subduction rates during winter and
summer monsoon periods, respectively.
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Second, subduction can occur only once, in winter or in summer. For the station (62.75°E, 17.75°N) shown in
the lower panel of Figure 4, although the deepest mixed layer appeared in January 2000 and the second sig-
niﬁcant local maximum of mixed layer depth in August 2000, effective ventilation through subduction occurs
only in summer. The detrained water from themixed layer base in January was intersected by the mixed layer
downstream at a different location; thus, the corresponding contribution associated with winter season
Swinter is zero. Consequently, the annual subduction rate at this station in this monsoon cycle is 30.8 m/yr,
occurring during the summer monsoon period only.
The spatial distribution of annual subduction rate in the North Indian Ocean, with subduction in winter and
summer respectively, averaged from 1960 to 2009 based on SODA is shown in the left panel in Figure 5. It is
seen that subduction mainly occurs south of 15°N in the Arabian Sea and the southwest corner of the Bay of
Bengal. There are three regions in the Arabian Sea with the core of subduction rate larger than 80 m/yr.
Moreover, subduction during winter monsoon period is the primary contributor to annual subduction near
the western/northern boundary, while subduction in summer monsoon period plays the dominant role in
other subduction regions.
Since there is some uncertainty in SODA data, we also carried out subduction in the North Indian Ocean
based on GODAS; the results are shown in the right panel in Figure 5. It is clear that the general features of
subduction region are similar to that based on SODA, including that subduction in summer occurs mainly
south of 15°N in the Arabian Sea and the southwest corner of the Bay of Bengal and subduction in winter pri-
marily occurs south of 10°N and the regions near western and northern boundary of the Arabian Sea.
However, due to the differences of data resolution and the model forcing, the detailed distribution of
Figure 5. (top) The annual subduction rate, (middle) subduction rate during winter monsoon period, and (bottom)
subduction rate during summer monsoon period in the North Indian Ocean based on (left) SODA/(right) GODAS, with
the unit of m/yr.
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subduction calculated from GODAS is different from that based on SODA. For example, the horizontal
resolution in longitude for GODAS is 1°, which is inadequate to resolve narrow boundary currents; thus, it
cannot describe the corresponding oceanic processes near the boundary well; in particular, the subduction
in winter along Somali coast was poorly resolved. Nevertheless, both data sets conﬁrm that in the
monsoon-dominated Indian Ocean, subduction can occur not only in winter but also in summer.
To further understand ventilation through subduction in winter and in summer, we examined the probability
that both subduction during winter monsoon and summer monsoon occur (P) and that only occur during
winter/summer monsoon period (Pwinter/Psummer) based on SODA results. P is deﬁned as the proportion of
number of years with Ssummer > 0 and Swinter > 0 to number of years with S > 0 during the time period from
1960 to 2009, while Pwinter (Psummer) is the proportion of number of years with Swinter (Ssummer)> 0 to number
of years with S > 0. As shown in Figure 6a, the case that subduction occurs both in winter and in summer is
Figure 6. (a) Probability that both subduction in winter and subduction in summer occur in 1 year (%); (b) probability that
subduction in winter occur; (c) probability that subduction in summer occur (%).
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not often, with the highest rate in about 30%. Moreover, in the Arabian Sea, subduction mainly occurs in
winter along the boundary. In the oceanic interior, subduction occurs primarily in summer, with the
probability more than 70%, more frequently than in winter, as can be seen from Figures 6b and 6c.
The basin-integrated annual subduction rate and subduction rates during winter and summer monsoon per-
iod, associated with the corresponding contributions from the vertical pumping term and lateral induction
term averaged from 1960 to 2009 in the North Indian Ocean, based on SODA outputs, are shown in the left
panel in Figure 7. It is readily seen that subduction during summer monsoon period, 6 Sv, is larger than that
during winter monsoon period, 4.2 Sv. The most important phenomenon is that the vertical pumping term is
the major contributor in the monsoon-dominated North Indian Ocean, which is completely different with the
case for the other nonmonsoon-dominated open oceans where the vertical pumping term is only a minor
contributor to subduction (Liu & Huang, 2012). A potential source of such a difference is that the North
Indian Ocean is located at rather low latitudes. As such, the mixed layer penetration is limited to a relatively
shallow part of the ocean, and the mixed layer gradient in the North Indian Ocean is much smaller.
Consequently, the lateral induction term is small in this ocean.
The time series of the annual subduction rate in the North Indian based on SODA (black) and that based on
GODAS (blue) are given in Figure 8, which features great interannual variability. The variability of subduction
rate is primarily controlled by the vertical pumping term, with the correlation coefﬁcient of 0.98 for SODA
results and 0.91 for GODAS results.
In addition to subduction rate, here we postulate another new concept: the penetration depth of ventilation
through subduction. The penetration depth, PD, can be deﬁned by the ﬁnal depth of the 1-year trajectory or
the maximal depth of the trajectory during the 1-year period. For the most parts of an ocean without strong
monsoon cycle, these two depths should be the same because vertical velocity in a subtropical gyre interior is
downward; as such, the trajectories move downward with time. On the other hand, for an ocean with strong
monsoon cycle, vertical velocity along the trajectory may change sign with time due to the reverse of wind
stress curl.
In this study, we tentatively deﬁne PD as the ﬁnal depth of the 1-year forward trajectory released at the base
of mixed layer in the month with maximal mixed layer depth. The annual maximum mixed layer depth indi-
cates the maximum depth of vigorous vertical mixing in the upper ocean. On the other hand, the penetration
depth indicates the depth of annual ventilation through subduction; thus, this quantity indicates how deep
Figure 7. The basin-accumulated annual ventilation rate, including (left) subduction and (right) obduction, and ventilation
rates during summer and winter monsoon period, respectively, with its corresponding components: vertical pumping
and lateral induction. The gray line indicates the standard deviation.
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the climate variability can directly affect the permanent thermocline through subduction process. Hence, this
quantity might be useful in the study of upper ocean ventilation and ecology.
Based on above deﬁnition, PDs through subduction during winter and summer monsoon period, respec-
tively, in the region that the probability of corresponding subduction is larger than 40%, are shown in
Figure 9. In the Arabian Sea, PDs vary from 50 m to about 200 m based on both SODA and GODAS. PD asso-
ciated with the winter monsoon period along the boundary, which was not resolved by GODAS, is deeper
than that in the oceanic interior. Moreover, based on SODA results, the closer to the equator, the deeper
PD during summer monsoon period, as shown in the left-lower panel in Figure 9.
Figure 8. Annual variability of annual subduction rate based on SODA (black) and GODAS (blue) in the North Indian Ocean.
Figure 9. The penetration depth of ventilation through subduction during (top) winter/(bottom) summermonsoon period,
respectively, in the region with corresponding probability of subduction larger than 40% (left) averaged from 1960
to 2009 based on SODA and (right) averaged from 1982 to 2016 based on GODAS, with the unit of m.
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4.2. Obduction and its Variability in the North Indian Ocean
The annual obduction rate, obduction rates during the winter and summer monsoon periods respectively,
with the corresponding contributions from the vertical pumping term and lateral induction term averaged
from 1960 to 2009 in the North Indian Ocean are shown in Figure 7. Similar to the case of subduction, the
vertical pumping term plays a much more important role than the lateral induction term. Furthermore,
obduction during winter monsoon period, 6.2 Sv, is about 1.3 times obduction during summer monsoon per-
iod which is estimated to be 4.8 Sv.
There are three major obduction regions in the North Indian, as shown in Figure 10a. Obduction along the
Somali coast mainly occurs in summer (Figure 10c), which is primarily due to the upwelling induced by south-
west monsoon. Obduction in the equatorial region in the Arabian Sea occurs in winter, as can be seen
Figure 10b. However, ventilation through obduction in the Bay of Bengal can occur both in summer and in
winter (Figures 10b and 10c). Furthermore, in the Bay of Bengal, basin-accumulated obduction rate during
winter monsoon period is about the size of that during summer monsoon period, as can be seen from the
right panel in Figure 7.
Similar to subduction, there is strong interannual variability in the obduction rate and its components in the
North Indian Ocean from 1960 to 2009, as shown in Figure 11. The variability of obduction is controlled by the
vertical pumping term, with the regression coefﬁcients 0.83, while the regress coefﬁcient of lateral induction
term to obduction rate is only 0.17.
Figure 10. The (a) annual obduction rate, (b) obduction rate during winter monsoon period, and (c) obduction rate during
summer monsoon period in the North Indian Ocean averaged from 1960 to 2009, with the unit of m/yr.
10.1029/2017JC013719Journal of Geophysical Research: Oceans
LIU ET AL. 4459
The origin depth through obduction, denoted by OD, is deﬁned as the ﬁnal depth of 1-year backward trajec-
tory released at the month with maximal mixed layer depth. Figure 12 shows OD for winter/summer mon-
soon period in the North Indian Ocean averaged from 1960 to 2009. It is readily seen that OD in the
Arabian Sea is deeper than that in the Bay of Bengal. The deepest is along the western boundary of
Arabian Sea for the summer monsoon period, about 200–250 m.
Figure 11. Annual variability of annual obduction rate (black) and its corresponding components: vertical pumping term
(blue) and lateral induction term (cyan) in the North Indian Ocean.
Figure 12. The depth of ventilation through obduction during (top) winter/(bottom) summer monsoon period,
respectively, in the region with corresponding probability of obduction larger than 40% averaged from 1960 to 2009,
with the unit of m.
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5. Conclusions
Although ventilation rate in the world oceans has been studied in many publications, most of such studies
did not take into consideration of the complicated seasonal cycle in monsoon-dominated oceans, such as
the North Indian Ocean and South China Sea. As we discuss in this study, the monsoon cycle creates a phe-
nomenon which is characterized in terms of double peaks in the annual cycle of mixed layer depth and the
sea surface density, with the reversing Ekman pumping during a monsoon cycle. Consequently, subduction
and obduction in a monsoon-dominated ocean are quite different from the ocean without monsoon cycle.
This study represents a ﬁrst attempt in reﬁning the ventilation of the permanent thermocline.
Speciﬁcally, in this study we examined the ventilation of a monsoon-dominated ocean: the North Indian
Ocean. A new framework of annual subduction and obduction rate is tested based on SODA and GODAS.
It is emphasized that due to the difference of model resolution, forcing, and the assimilationmethod and data
for SODA and GODAS, there are differences in spatial distribution and the quantity of subduction in detail in
the North Indian Ocean. Nevertheless, it is conﬁrmed the key point that ventilation can occur not only in
winter but also in summer due to a strong monsoon cycle. Omitting ventilation in summer can lead to
incomplete structure of wind-driven circulation in monsoon-dominated seas, which in turn hinder our
understanding about water mass cycling, and cycling of many biochemical elements through the
atmosphere-ocean interface.
The horizontal resolution in longitude of GODAS (1°) is lower than that of SODA (0.5°), which may induce
larger error because eddies and narrow boundary currents were not resolved; thus, the main discussion
about ventilation in the North Indian Ocean is based on SODA results. In the North Indian Ocean, subduction
rate from SODA is estimated as 10.2 ± 1.9 Sv averaged from 1960 to 2009, which mainly distributed south of
15°N in the Arabian Sea and the southwest corner in the Bay of Bengal. Subduction during the winter
monsoon period is estimated as 4.2 Sv, which mainly distributed along the western boundary in the
Arabian Sea, and subduction during the summer monsoon period is more important in the other subduction
regions. Obduction, the opposite phase of subduction, is estimated to be 11 ± 1.9 Sv, with 6.2 Sv occurring in
winter and 4.8 Sv in summer. There are three major obduction regions: along Somali coast, where obduction
mainly occurs in summer; south of 5°N in the Arabian Sea where obduction occurs in winter; and south of
10°N in the Bay of Bengal where obduction can occur both in summer and in winter; furthermore, obduction
in winter and in summer make almost the same contribution to the annual obduction rate in the Bay
of Bangel.
We postulated the concepts of penetration depth of subduction and origin depth of obduction. Although
one might deﬁne the penetration depth as the maximal depth of the one-year trajectory instead of the ﬁnal
depth of the 1-year trajectory. On the other hand, for the case of obduction, using the original depth of the
1-year trajectory backward in space and time as the origin depth of obduction seems a better choice than the
maximal depth during the 1-year time period. Thus, to make these two depth deﬁnitions close to each other,
we propose to deﬁne the PD as the ﬁnal depth of the 1-year trajectory.
The penetration/origin depth through S/O in the Arabian Sea is diagnosed on the order of 50 to 250 m. OD in
the Arabian Sea is deeper than that in the Bay of Bengal. And the deepest is along the western boundary of
Arabian Sea for the summer monsoon period.
Basin-accumulated annual ventilation rate shows great interannual variability, with the vertical pumping
term as the major important contributor.
Hence, in a monsoon-dominated oceanic region, it is important to carry out S/O calculation. Without the
knowledge of the S/O, our information about the ventilation, water mass cycling, and ecological cycling in
the upper ocean are very incomplete.
The monsoon-driven upwelling in the Arabian Sea has been quoted in many previous studies, and in most
cases, it is explained in terms of Ekman upwelling, for example, Brock et al. (1991). Sometime the role of
horizontal advection is also included as the basic mechanism. As discussed by Qiu and Huang (1995), obduc-
tion is a technical term which can most accurately describe the process of water mass erosion through mixed
layer entrainment. Our study suggests that obduction may be the best way to explain and quantify the water
mass cycling and the related nutrient cycling in the monsoon-dominated ocean. First, obduction consists of
two parts, vertical upwelling and lateral induction. Although vertical upwelling is directly linked to Ekman
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pumping, the lateral induction term is associated with the basin scale circulation. As discussed above, the
contribution associated with the lateral induction term is about 25% (17%) of the subduction (obduction).
In addition, the penetration depth of the subduction (or the original depth of obduction) is much larger than
the typical depth of the mixed layer. Therefore, omitting the S/O in a monsoon-dominated ocean can lead to
serious underestimate of the ventilation and water mass cycling in such oceanic region.
Our study is only the ﬁrst step toward quantifying the ventilation, including subduction and obduction, and
their variability in the monsoon-dominated oceans. There are several factors which may induce errors. First of
all, SODA has a rather low horizontal resolution, which is incapable of resolving eddies and narrow boundary
currents in the ocean. As a result, the ventilation rate calculated from this data set can only serve as a rather
rough ﬁrst estimate. Second, data processing, such as the usage of model vertical velocity and the data assim-
ilation methodology applied to SODA, including the lack of observations in the early part of the SODA data
set, may induce errors, which is difﬁcult to quantify exactly. Third, the ventilation rate represents the annual
mean irreversible volume ﬂux across the base of mixed layer; the mixed layer base is an idealization of the
complicated structure in the upper ocean. The different criteria for estimating the mixed layer depth, such
as the depth at which temperature is lower than sea surface temperature by 0.5°C, can result in different ven-
tilation rate. The usage of density-based criteria for estimating themixed layer depth in this study may induce
error with ventilation in the practical ocean. Because the errors in our estimate of ventilation rate in the North
Indian Ocean could be on the order of 10%, it is possible that the ventilation rate variability found in this
study may be insigniﬁcant. However, as discussed above, the most important point in this study is the new
framework of ventilation in the monsoon-dominated oceans, especially that ventilation can occur during
both winter monsoon period and summer monsoon period; furthermore, we have conﬁrmed the vital role
of subduction and obduction.
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